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A B S T R A C T

The poor performance of conventional building glazing, which is usually responsible for large climatization 
needs and glare problems, has been promoting the development of innovative smart glazing technologies with an 
improved performance. Photochromic glazing, a type of smart glazing, exhibits a dynamic behavior by dark
ening/bleaching in reaction to the presence/absence of solar radiation. The aim of this study is to evaluate the 
thermal and solar-optical behavior of a photochromic filmed clear glazing, against the same glazing without film, 
through experimental tests. The transmittance and reflectance spectra of the glazing solutions were initially 
measured with a spectrophotometer. Then two small-scale models were used to assess the behavior of the glazing 
solutions under real sky conditions (clear and overcast). The thermal behavior was assessed through air and 
surface temperature measurements. The solar-optical behavior was investigated through solar radiation and 
illuminance measurements, which were also used to compute the solar and visible transmittance of the glazing 
systems, respectively. The dynamic behavior of the photochromic film resulted on a reduction of 14 % of the 
interior temperature. Interior illuminance and irradiance levels were significantly reduced with the film, cor
responding to 10–50 % and 15–35 % visible and solar transmittance values of the photochromic glazing, 
respectively.

1. Introduction

Glazing systems of façades significantly influence the thermal and 
luminous performance of buildings, consequently affecting their energy 
performance [1,2]. Conventional glazing systems, which are usually 
passive, are limited by atmospheric conditions, often requiring artificial 
lighting and/or climatization equipment to ensure adequate visual 
and/or thermal indoor comfort conditions.

To mitigate these limitations, solar control coating layers [3] can be 
applied during the glazing manufacturing process, or alternatively, solar 
control films [4] can be retrofitted onto existing glazing to improve 
performance. There are different types of solar control coatings and 
films available on the market that can be classified as neutral, reflective, 
dual-reflective, low-emissivity or spectrally selective. These solar con
trol coatings and films promote energy savings and indoor visual and 

thermal comfort conditions [5–7], particularly in hot climates with 
higher solar radiation levels, providing a better performance than un
coated glazing. While effective, these static solutions lack the ability to 
adapt to dynamic environmental conditions or occupant needs, which 
may reduce their effectiveness in highly variable climates.

The rise of highly glazed buildings, promoted by current architec
tural trends, coupled with the ambition of promoting sustainable 
buildings with a high energy performance [8], has driven the investi
gation and development of innovative glazing technologies. Among 
these innovative technologies are smart glazing systems that react to 
specific stimuli (such as temperature, solar radiation, electric power), 
altering their thermal and optical properties and, consequently, adapt
ing to surrounding environmental conditions and combining multiple 
performance requirements [9,10]. This dynamic behavior aims at 
reducing cooling energy needs in the presence of high solar radiation 
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levels, maximizing solar heat gains during cold months and efficiently 
managing daylight to reduce artificial lighting energy use and promote 
thermal and visual comfort conditions [11].

Photochromic (PC) glazing [12], a type of passive smart glazing, can 
autonomously and reversibly alter its optical properties (chromatic 
change) in response to the intensity of solar radiation, mainly in the 
ultraviolet (UV) range, seeking to control solar heat gains and daylight 
transmission to promote comfort conditions and reduce energy use. This 
chromatic change occurs due to the incorporation of photosensitive 
crystals that appear colorless in the inactivated form and are generally 
embedded into host matrices (ceramic or polymers [13]) in a PC layer. 
When exposed to solar radiation, these crystals alter their molecule 
structure, shifting to a darker state; when the UV exposure diminishes, 
they return to a clear state [14]. Unlike active smart glazing systems that 
require electrical input, PC glazing operates passively, requiring no 
external energy source for its adaptive response [15].

While there is extensive research on the development of PC materials 
suitable for incorporation into building glazing [16,17], studies exam
ining the in-situ performance of PC glazing systems on buildings remain 
scarce. Existing studies, primarily simulation-based [18–21], demon
strate the energy saving potential of PC glazing. A dynamic simulation of 
an office building by Cannavale et al. [18] resulted in energy savings 
with a PC glazing up to 20 % and on an increase of up to 20 % of useful 
illuminance levels, compared to clear glazing. Similarly, according to a 
dynamic simulation study conducted by Tällberg et al. [19], a PC glazing 
reduced up to 12 % the total energy use of an office room, compared to a 

clear glazing. Also considering a dynamic simulation model of an office 
room, Khaled & Berardi [20] observed higher energy savings (10–14 %) 
for entirely glazed South-oriented walls, against clear glazing, with more 
significant savings for desert and tropical climates. Considering the 
installation of PC glazing in a test-room, Nicoletti et al. [21] conducted 
an experimental and numerical test, achieving energy savings up to 9 % 
and improving useful illuminance up to 2 %, compared to clear glazing.

Despite these promising results, more empirical studies are needed to 
validate these simulation findings and deepen our understanding of the 
benefits of installing PC glazing on building façades. Therefore, this 
study’s primary aim is to evaluate the thermal and solar-optical 
behavior of a PC film applied to single clear glazing under various sky 
conditions. The originality of this study lies in its experimental meth
odology, which involves small-scale and outdoor tests to monitor the 
real-time optical and thermal performance of a photochromic film. By 
evaluating the performance of this glazing solution in both overcast and 
clear sky conditions across different seasons, this research offers valu
able insights into how this technology can adapt to varying solar in
tensities. Consequently, its findings contribute to the current knowledge 
on passive solar control strategies, demonstrating the effectiveness of 
photochromic glazing as a viable energy-saving technology in buildings. 
The findings can also be a valuable input for numerical studies, 
providing empirical data to validate or enhance simulation models for 
dynamic glazing technologies in building performance assessments.

Fig. 1. Methodology scheme.

Fig. 2. Photochromic film: (a) material layers; (b) clear and tinted states, before and after exposure to solar radiation.
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2. Methods

The methodology adopted in the present study is shown in Fig. 1 and 
involves spectrophotometric tests and small-scale tests. The spectro
photometric tests were conducted to determine the optical properties of 
a PC film, varying the UV radiation intensity and exposure time. The 
small-scale tests were performed using two models to experimentally 
investigate the thermal and solar-optical behavior of the PC film, under 
real sky conditions (clear and overcast).

The PC film made of multiple material layers (Fig. 2a), manufactured 
with nanoceramic technology, has a thickness of 55μm, and tints in the 
presence of UV radiation (Fig. 2b) to provide shading according to the 
manufacturer. Even though there is no information about the durability 
of this PC film, the manufacturer offers a 2-year warranty. The behavior 
of this PC film, developed for installation on building façades, has also 
been assessed by the authors when installed on a double clear glazing 
system of an office room, in Lisbon [22].

For both laboratory and experimental tests, the PC film was installed 
on a clear single glazing (6 mm thickness), used as reference. To install 
the film, it was initially necessary to clean the glass substrate, spray it 
with water and place the film on the wet glass. Then, the excessive film 
material and the protection release liner were removed. Finally, the 
existing air and water bubbles were eliminated, and the film was left to 
completely dry. The installation steps for the glazing solution used in the 

spectrophotometric tests are illustrated in Fig. 3.
The configuration of the analyzed glazing solutions is shown in 

Fig. 4. Table 1 presents the optical and thermal properties of a clear 
single glazing (3 mm thick) with the PC film installed, provided in the 
film technical sheet [23]. The visible transmittance of the PC glazing 
varies between 20 % and 75 %, corresponding to the fully tinted and 
clear states, being significantly lower than the transmittance of con
ventional clear glazing. According to the information of the technical 
sheet other properties are not influenced by the presence of solar radi
ation. The transmittance of UV radiation through the PC glazing is 
extremely low (1 %), which can be beneficial for occupants’ health and 
materials durability. These properties are presented as an initial char
acterization of the PC film before conducting the experimental tests. The 
properties of the glazing samples (6 mm thick) used in this study are 
presented in the results 3.1 after obtaining the transmittance and 
reflectance spectra.

2.1. Spectrophotometric tests

The spectral optical properties (transmittance and reflectance) of the 
two glazing solutions, using samples of 5x5cm, were measured through 
spectrophotometric tests.

An UV lamp (100 W), shown in Fig. 5a, with a spectral range of 
370–430 nm was used to stimulate the PC film. Different exposure times 
(from 1 second to 5 minutes) and radiation levels were considered for 
the stimulation of the dynamic behavior of the PC film. The multiple 
radiation levels were achieved by varying the distance (0–80 cm with 
10 cm intervals) between the lamp and the PC glazing sample. A CMP3 
pyranometer from Kipp&Zonen [24], which has a flat spectral response 
between 300 and 2800 nm, was initially used to measure the radiation 
levels considering the distance variation (Fig. 5b). UV radiation levels 
between approximately 3 W/m2 and 166 W/m2 were obtain. The 
duration of the chromatic change of the PC glazing from tinted to clear 
state was also analyzed in the spectrophotometric tests.

The spectrophotometer JASCO V-770 UV-Visible/NIR [25] (Fig. 5c) 
featuring the 60 mm UV-Visible/NIR integrating sphere was used to 
measure the spectral transmittance and reflectance (front and back) of 
the glazing samples. This spectrophotometer measures wavelengths 
from 190 to 2700 nm, with an accuracy of ± 0.3 nm at 651.1 nm and ±
1.5 nm at 1312.2 nm. The spectroscopy software Spectra Manager™ 
Suite was used to operate the spectrophotometer. The glazing samples 
were carefully cleaned with a soft lint free cloth before conducting the 
experimental measurements. Depending on the property that is being 
measured (transmittance or reflectance), the placement of the glazing 

Fig. 3. Installation steps of the photochromic film: (a) placing the film on the wet glass substrate; (b) removing excessive film material; (c) eliminating bubbles; (d) 
air drying the filmed glazing.

Fig. 4. Configuration of the analyzed glazing solutions.

Table 1 
Thermal and optical properties of a clear single glazing (3 mm) with the photochromic film: thermal transmittance, U; solar factor, g; visible transmittance, τvis; visible 
front, ρvisF , and back, ρvisB, reflectance; solar transmittance, τsol; solar front, ρsolF , and back, ρsolB, reflectance; ultraviolet transmittance, τUV ; absorptance of the glass 
pane, α.

U [W/m2 

K)]
g [dimensionless] τvis [%] ρvisF [%] ρvisB [%] τsol [%] ρsolF [%] ρsolB [%] τUV [%] α [%]

Clear glazing + PC film (clear- 
tinted)

4.9 0.36 20–75 10 9 23 13 13 1 54
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sample differed inside the integrating sphere as shown in Fig. 5d. The 
optical properties of the glazing solutions measured by the spectro
photometer are expected to help explaining the experimental results 
collected in the small-scale tests.

The thermal emissivity of the surfaces of both glazing samples was 
also measured using the instrument TIR100-2 [26] shown in Fig. 6. For 
the PC glazing, the emissivity tests were conducted with the film in the 
clear and tinted states.

2.2. Small-scale tests

The small-scale tests were conducted on the roof of Instituto Superior 
Técnico (Fig. 7a) at Taguspark campus, in Porto Salvo (Lisbon). Two 
small-scale models (Fig. 7b), with dimensions of 0.40 m (length) x 
0.30 m (width) x 0.22 m (height), were constructed with black filmed 
marine plywood (0.02 m thickness). The models had small drill holes on 
the front and back surfaces to avoid the occurrence of extremely high 
temperature levels inside the models that could damage the experi
mental equipment. The black interior of the models made it possible to 
reduce the reflection of solar radiation by the internal surfaces, avoiding 
an overestimation of the experimental measurements by the 

Fig. 5. Spectrophotometric testing: (a) UV lamp (off and on); (b) UV radiation incident on the PC glazing sample, in W/m2, according to the distance from the lamp; 
(c) spectrophotometer JASCO V-770 and software; (d) placement of the glazing sample inside the integrating sphere for transmittance (left) and reflectance (right) 
measurements.

Fig. 6. TIR100-2 used in the emissivity tests.

Fig. 7. Small-scale testing: (a) location of the building; (b) placement of the experimental equipment.
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pyranometers and luxmeters. The analyzed glazing solutions were 
placed on top of each model.

The outdoor and indoor air temperature, along with the exterior and 
interior surface temperature of the glazing systems were measured using 
thermocouples. The outdoor (global and diffuse) and indoor (global) 
solar radiation, in the horizontal plane, was measured using pyran
ometers. The outdoor and indoor illuminance, in the horizontal plane, 
was measured using luxmeters. The experimental equipment was con
nected to a data logger that registered ten-minute averages from one- 
minute records. The placement of the experimental equipment is 
shown in Fig. 7b. The model, accuracy and measured parameter of each 
equipment is presented in Table 2. Parameters collected in the reference 
model are referred by REF and the ones collected in the photochromic 
model by PC.

The small-scale tests were conducted under overcast and clear sky 
conditions. A day with an overcast sky during winter season (when the 
occurrence probability of overcast sky conditions is higher) was 
selected, while two days with clear sky in different seasons (one during 
winter and another during summer) were selected to investigate the 
impact of incident solar radiation, solar altitude and outdoor air tem

perature on the performance of the glazing systems. The thermal 
behavior of the models was assessed through the outdoor/indoor air 
temperature and exterior/interior surface glazing temperature values. 
The luminous behavior was investigated through the measurements of 
outdoor/indoor solar radiation and illuminance levels. The solar (τsol) 
and visible (τvis) transmittance of each glazing was computed with the 
experimental data through Eqs. (1) and (2), respectively, and the ob
tained values were compared to the results of the spectrophotometric 
tests. 

τsol =
Eext

Eint
(1) 

where Eext and Eint are the exterior and interior solar radiation. 

τvis =
Iext

Iint
(2) 

where Iext and Iint are the exterior and interior illuminance.

3. Results

The results of the spectrophotometric tests and the small-scale tests 
are presented in Sections 3.1 and 3.2, respectively. The experimental 
results of the clear glazing are referred to as “REF”, while the experi
mental results of the photochromic glazing are referred to as “PC”.

3.1. Spectrophotometric tests

Fig. 8a illustrates the transmittance and reflectance (front and back) 
spectra of the REF glazing. High transmittance values were measured 
across the spectrum, as expected, with a mean value of 89 % between 
400 and 2500 nm. The front and back reflectance spectra appear over
lapped, with a mean value of 8 % between 400 and 2500 nm.

The transmittance and reflectance (front and back) spectra of the PC 
glazing in the totally clear and a tinted state are shown in Fig. 8b. The 
tinted state was achieved by exposing the PC glazing to the maximum 
incident UV radiation level (166 W/m2 - Fig. 5) for 1 min. In both states, 
the PC glazing exhibits lower transmittance values across the spectrum 
compared to the REF glazing, mainly in the infrared range with a mean 
value of 13 %. In addition, contrary to the REF glazing, extremely low 
transmittance values in the UV range were measured with the PC glazing 
in both states. The highest transmittance value of the totally clear state 
(79 %) occurred at 490 nm. A significant change in the visible range of 
the transmittance spectra can be observed between the two states, with 
the tinted state exhibiting a minimum value (5 %) at 564 nm that is 
representative of a reduction of 95 % compared to the totally clear state. 

Table 2 
Experimental equipment used in the small-scale tests and respective measured 
parameters.

Equipment Manufacturer Model Accuracy Parameter

Thermocouple ​ Type-T ± 0.2 ◦C 
at 100 ◦C

Indoor (Tint) and 
outdoor (Text) air 
temperature, interior 
(Tsi,REF and Tsi,PC) 
and exterior (Tse,REF 

and Tse,PC) surface 
glazing temperature

Pyranometer Delta-T 
Devices

BF5 ±20 W/ 
m2 ±

15 %

Outdoor global (Iext, 

global) and diffuse 
(Iext,diffuse) solar 
radiation in the 
horizontal plane

Pyranometer LI-COR LI− 200R ±3 % Outdoor (Iext) and 
indoor (Iint,REF and 
Iint,PC) solar radiation 
in the horizontal 
plane

Luxmeter LI-COR LI− 210R ±5 % Outdoor (Eext) and 
indoor (Eint,REF and 
Eint,PC) illuminance 
in the horizontal 
plane

Data logger Delta-T 
Devices

DL2e - -

Fig. 8. Transmittance reflectance (front and back) spectra, from 300 to 2500 nm: (a) REF glazing; (b) PC glazing in the fully clear state and a tinted state (166 W/m2 

for 1 min).
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The front and back reflectance spectra of the PC glazing are similar, 
appearing practically overlapped in Fig. 8b, and were not altered by the 
exposure to UV radiation. As a result, it is possible to state that the PC 
film reduces solar gains through the absorption mechanism.

As previously stated, to explore the impact of the incident UV radi
ation level and the exposure time on the dynamic behavior of the PC 
glazing, the sample was exposed to the multiple radiation levels pre
sented in Fig. 5 for 1 s, 2 s, 10 s, 15 s, 30 s, 1 min and 5 min. The 
spectrophotometric measurements were taken for the wavelength range 
350–800 nm since the dynamic behavior of the PC film is limited to the 
visible range (Fig. 8). This narrow wavelength range helps to avoid the 
reversing chromatic of the PC film during the spectrophotometer 
readings.

The transmittance spectra of the PC glazing exposed to the maximum 
UV radiation level for different exposure times, between 350 nm and 
800 nm, are shown in Fig. 9a. As expected, longer exposure times cor
responded to lower visible transmittance values. Apart from the 1 s and 
2 s measurements, the spectra obtained for the different exposure times 
are very similar, practically overlapping, with the PC glazing quickly 
achieving a totally tinted state for this incident UV radiation level.

The transmittance spectra of the PC glazing exposed to multiple UV 
radiation levels for 1 s, between 350 nm and 800 nm, are shown in 
Fig. 9b. Higher incident UV radiation levels resulted in lower visible 
transmittance values. The spectra associated to UV radiation levels 
lower than 64 W/m2 are similar, appearing overlapped for UV radiation 
levels equal and lower than 18 W/m2.

The transmittance and reflectance spectra obtained for the REF 
glazing and the PC glazing in the totally clear and totally tinted states 
were used as input in Optics [27] and Window [28] software to compute 
the thermal and optical properties of the glazing solutions (Table 3). The 
installation of the PC film results in a decrease of the solar factor, visible 
and solar transmittance, and an increase of the solar absorptance, 
compared to the clear glazing without film.

With the transmittance results shown in Fig. 9a it is possible to note 
that after being exposed to the maximum UV radiation level for more 
than 10 seconds, the PC glazing achieved the tinted state, meaning that 
the chromatic change from clear to dark was very quick.

In order to investigate the duration of the chromatic change of the PC 

film from tinted to clear state, the spectrophotometer was used to 
measure the evolution of the absorbance of the glazing sample during 
25 minutes after being exposed to the maximum UV radiation level for 
5 minutes. The absorbance measurements were taken considering the 
wavelength of 500 nm, which is in the range of the dynamic behavior of 
the film. The visible transmittance (τvis) of the filmed glazing was then 
computed from the absorbance (A) measurements using Eq. (3). The 
temporal evolution of the visible transmittance of the PC glazing is 
shown in Fig. 10. It is possible to observe that the chromatic change 
occurs quickly in the first minutes, becoming slower after 10 minutes, 
finally reaching the clear state after 15 minutes (constant transmittance 
value → chromatic change ended). 

τvis = antilog(2 − A) (3) 

The thermal emissivity measured for the back and front surfaces of 
the two glazing samples is presented in Table 4. As expected from the 
results of the spectrophotometric tests, the presence of the PC film 

Fig. 9. Transmittance spectra, from 350 to 800 nm, of the PC glazing sample, along with the transmittance spectrum of the REF glazing: (a) different exposure times 
to the maximum UV radiation level; (b) 1-s exposure to different incident UV radiation levels.

Table 3 
Thermal and optical properties of the analyzed single glazing solutions (clear without and with a photochromic film): thermal transmittance, U; solar factor, g; visible 
transmittance, τvis; visible front, ρvisF , and back, ρvisB, reflectance; solar transmittance, τsol; solar front, ρsolF , and back, ρsolB, reflectance; ultraviolet transmittance, τUV ; 
absorptance of the glass pane, α.

Glazing solution U [W/m2 K)] g [dimensionless] τvis [%] ρvisF [%] ρvisB [%] τsol [%] ρsolF [%] ρsolB [%] τUV [%] α [%]

Clear 5.81 0.87 91 9 9 90 8 8 60 8
Photochromic (clear-tinted) 5.81 0.57–0.44 73–11 8 8 40–21 6 6 0 54–73

Fig. 10. Temporal evolution of the visible transmittance (at 500 nm) of the 
photochromic film (tinted to clear state).

Table 4 
Thermal emissivity of the clear and photochromic glazing samples.

Clear glazing Photochromic glazing

Front Back

Front Back Clear Tinted Clear Tinted
0.84 0.84 0.84 0.84 0.89 0.89
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slightly increased the emissivity of the glazing surface it was applied to.

3.2. Small-scale tests

The outdoor solar radiation, illuminance and air temperature levels 
collected during the small-scale tests are shown in Table 5. The global 
solar radiation was significantly higher under clear sky, as expected, 
with significantly low diffuse solar radiation levels. The discrepancy in 
illuminance values between the two sky conditions is higher in terms of 
average values than maximum values. Both the average and maximum 
temperature values measured under clear sky were higher than the ones 
measured under overcast sky, particularly for the day with clear sky 
during summer.

Fig. 11a shows photos taken during the experimental tests, where it 

is possible to observe the sky conditions.
The outside and inside views of the small-scale models are shown in 

Fig. 11b, where it is possible to see that the PC glazing darkened (purple 
tone) under both sky conditions. The inside view of the PC glazing 
presents a blue tone. The evolution of the outdoor solar radiation, illu
minance and air temperature measured during each day is shown in 
Fig. 11c. A peak of direct solar radiation occurred approximately at noon 
of the day with an overcast sky. The solar radiation was mainly direct 
during the days with clear sky, with diffuse solar radiation levels usually 
lower than 70 W/m2. For the three days, the outdoor air temperature 
reached higher values during the afternoon.

3.2.1. Solar-optical behavior
The evolution of the outdoor and indoor solar radiation in each 

Table 5 
Average and maximum values of the outdoor solar radiation, illuminance and air temperature experimentally measured under overcast and clear sky.

Sky condition Iext,global [W/m2] Iext,diffuse [W/m2] Eext [klx] Text [◦C]

x M x M x M x M

Overcast 178.7 482.9 160.6 328.6 21.2 54.4 14.5 17.2
Clear (winter) 505.1 781.3 44.5 54.6 49.0 76.4 20.1 25.5
Clear (summer) 722.9 1007.0 87.2 59.6 86.7 120.8 28.4 35.6

Fig. 11. (a) Photos with the sky condition, (b) outside and inside views of the small-scale models, (c) evolution of the outdoor global (Iext,global) and diffuse (Iext,diffuse) 
solar radiation, illuminance (Eext) and air temperature (Text) measured during each day.
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model is shown in Fig. 12a. Under overcast sky conditions, the indoor 
solar radiation levels in the REF model were similar to the ones 
measured outside the model and significantly higher than the levels 
measured in the PC model. Under clear sky, the indoor solar radiation 
levels in the REF model were similar to the outdoor values only at the 
early morning and late afternoon periods. The PC glazing was effective 
on reducing the solar radiation levels inside the model, reaching peak 
values of 134.7 W/m2 (overcast sky), 199.7 W/m2 (clear sky in winter) 
and 360.6 W/m2 (clear sky in summer), compared to the solar radiation 
levels in the REF model that reached peak values of 431.3 W/m2 

(overcast sky), 660.9 W/m2 (clear sky in winter) and 951.5 W/m2 (clear 
sky in summer).

Fig. 12b shows the evolution of the outdoor and indoor illuminance 
levels in each model, along with the outdoor solar radiation levels. The 
illuminance levels inside the REF model are slightly lower than the 
outdoor illuminance levels, in all days, with a larger discrepancy be
tween values under clear sky conditions. The illuminance levels 
measured inside the PC model are significantly lower, under both sky 
conditions, reaching peak values of 18.3klx (overcast sky), 37.3klx 
(clear sky in winter) and 74.9klx (clear sky in summer), compared to the 
REF model that reached peak values of 48.0klx (overcast sky), 68.7klx 
(clear sky in winter) and 111.6klx (clear sky in summer). It is possible to 
observe a more significant reduction (between 60 % and 90 %) of the 
illuminance levels in the PC model during the morning period of the 
days with clear sky.

The solar and visible transmittance of each glazing system, shown in 
Fig. 13, were computed through the ratio between the solar radiation 
and illuminance levels measured outdoor and indoor in each model, as 

previously stated.
Fig. 13a shows the solar transmittance of each glazing system along 

with the outdoor solar radiation levels. Under overcast sky, the trans
mittance values obtained for the clear single glazing with and without 
film were mostly between 25 % and 35 % and 85–95 %, respectively. 
Under clear sky, the transmittance values are less stable during the day, 
which can be explained by an experimental error since multiple trans
mittance values were obtained for the clear single glazing that should 
present a static behavior (constant transmittance). The transmittance 
values obtained for the clear single glazing with and without film were 
mostly between 15 % and 35 % and 70 %-95 %, respectively, during the 
days with clear sky conditions. Comparing the results of the three days, 
lower solar transmittance values were obtained in the presence of the PC 
film, particularly under clear sky, which can be justified by the high 
solar radiation levels that promoted a more significant darkening of the 
film.

Fig. 13b shows the visible transmittance of each glazing system along 
with the outdoor solar radiation levels. Under overcast sky conditions, 
the visible transmittance values obtained for the clear single glazing 
with and without film were mostly between 20 % and 40 % and 85 %- 
95 %, respectively. Similar to what was observed in the solar trans
mittance results, the visible transmittance values are less stable under 
clear sky. Visible transmittance values between 10 % and 60 % and 
60 %-95 % were obtained for the clear glazing with and without PC film, 
respectively, during the days with clear sky. Even though some of the 
visible transmittance values computed with clear sky are lower than the 
ones computed with overcast sky, some values are higher.

Fig. 12. Experimental results of the solar-optical behaviour, along with the outdoor global (Iext,global) and diffuse (Iext,diffuse) solar radiation, under overcast and clear 
sky conditions: (a) Evolution of the indoor solar radiation in each model (Iint,REF e Iint,PC); (b) Evolution of the outdoor (Eext) and indoor (Eint,REF e Eint,PC) illuminance 
levels in each model.
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3.2.2. Thermal behavior
The evolution of the outdoor air temperature and the exterior surface 

temperature of each glazing system in shown in Fig. 14a. The surface 
temperature of each glazing system was higher than the outdoor air 
temperature in both sky conditions, except during two short periods (in 
the early morning and late afternoon) during which the levels of solar 
radiation incident on the models were low. The peak values of the sur
face temperature of each glazing system matched the occurrence of the 
highest solar radiation levels, under overcast sky. Nevertheless, when 
assessing the measurements taken during the days with clear sky con
ditions, the peak values of the surface temperature of the glazing systems 
occurred during the afternoon, after the highest solar radiation levels. 
Despite the outdoor air temperature varying between the tested days, 
with higher temperature levels during the days with clear sky, it is 
possible to observe that the impact of the solar radiation levels in the 
performance of the glazing systems is more significant than the outdoor 
air temperature levels, for all days. Under both sky conditions, the 
surface temperature of the PC glazing system was always higher, 
reaching peak values of 31.4 ◦C (overcast sky), 39.0 ◦C (clear sky in 
winter) and 47.2 ◦C (clear sky in summer), compared to the REF glazing 
that reached peak values of 24.2 ◦C (overcast sky), 30.8 ◦C (clear sky in 
winter) and 41.7 ◦C (clear sky in summer). This discrepancy of surface 
temperature values can be explained by the solar absorptance of the PC 
film that promotes the increase of the temperature of the clear single 
glazing used as substrate.

Fig. 14b shows the evolution of the indoor air temperature in each 
model and the interior surface temperature of the glazing systems. The 

magnitude of the impact of the outdoor solar radiation levels on the 
models is confirmed by these results. The indoor air temperature of the 
REF model was always significantly higher than the surface temperature 
of the glazing, reaching peak values of 33.1 ◦C (overcast sky), 42.4 ◦C 
(clear sky in winter) and 60.9 ◦C (clear sky in summer). In contrast, the 
indoor air temperature of the PC model was lower than the interior 
surface temperature of the PC glazing during the morning and higher 
during the afternoon, for all days. This performance can be explained by 
the absorption of solar radiation by the PC film, which promotes the 
increase of the surface temperature and, consequently, the increase of 
the indoor temperature after some hours of exposure due to the ree
mission of radiation towards the indoor environment of the model. 
Nevertheless, the lower direct transmission of solar radiation made it 
possible to maintain the indoor air temperature of the PC model lower 
than the one measured in the REF model, being similar only during a 
period in the late afternoon with larger duration under clear sky con
ditions. The discrepancy between the surface temperature was more 
noticeable under clear sky conditions. The sharp increase of the indoor 
air temperature in the REF model during the morning period of the clear 
sky day in summer can be explained by the high incident solar radiation 
levels, coupled with the high solar transmittance of the glazing, that 
resulted in the increase of the black interior surfaces of the model and, 
consequently, in the increase of the indoor air temperature than the one 
observed in the PC model. The decrease of the indoor air temperature in 
the REF model in the afternoon period of the clear sky day in summer 
could result from natural air ventilation through the drill holes of the 
model due to potential wind.

Fig. 13. Results of the solar (a) and visible (b) transmittance of each glazing system, along with the outdoor global solar radiation, under overcast and clear 
sky conditions.
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4. Discussion

The added value of this study lies in the combination of spectro
photometric and small-scale tests that were developed to experimentally 
assess the performance of a photochromic (PC) glazing under artificial 
UV lighting and real sky conditions, including the computation of its 
optical properties. Because of the scarce scientific research on the topic, 
the findings resulting from this study regarding PC glazing performance 
are important and serve as baseline to more complex future studies.

According to the findings of this study, the PC glazing showed lower 
transmittance of solar radiation and illuminance levels, compared to 
clear glazing, under both sky conditions. Also, the increase of the solar 
absorptance of the PC glazing when tinted resulted in higher glazing 
surface temperature values, mainly of the interior surface temperature 
of the glazing system, compared to the clear glazing. Nevertheless, the 
indoor air temperature was lower in the presence of the PC glazing.

Regarding the thermal and optical properties of the PC glazing, the 
visible transmittance of the PC glazing computed with the spectropho
tometric results is lower than the ones provided by the manufacturer, 
which can be explained by the larger thickness of the glazing used as 
substrate in this study but, mainly, by the fact that a high intensity UV 
lamp was used to stimulate the PC glazing. However, the solar and 
visible transmittance values of the PC glazing computed with the mea
surements of the spectrophotometric and the small-scale tests are in 
agreement.

Even though the spectrophotometric and small-scale tests conducted 
in this study made it possible to investigate the main optical properties 

of a PC glazing, against a clear glazing, and to explore its solar-optical 
and thermal behavior under real sky conditions, further studies 
including (but not limited to) full-scale experimental tests and 
simulation-based performance assessment are necessary for a better 
understanding of the installation potential of PC glazing. In addition, 
future work could also cover the performance of PC glazing against other 
passive and/or active smart glazing solutions.

5. Conclusions

The results of this study provide valuable insights into the spectro
photometric, solar-optical, and thermal performance of photochromic 
glazing to standard clear glazing. The main findings are as follows

Spectrophotometric Tests 

• The back and front reflectance spectra of the PC glazing were similar 
and were not altered by the incidence of UV radiation, meaning the 
film blocks excessive solar heat gains through the absorption 
mechanism.

• The PC glazing exhibited a dynamic behavior in the visible range of 
the solar spectrum, with low transmittance values associated to 
higher incident UV radiation levels and longer exposure times. It is 
possible to state that the PC glazing can provide solar control even in 
its fully clear state due to its low transmittance in the near infrared 
range, compared to the clear glazing. Visible and solar transmittance 
values of 11 %-73 % and 21 %-40 %, respectively, were obtained for 
the PC film in the tinted-clear states.

Fig. 14. Experimental results of the thermal behaviour, along with the outdoor global (Iext,global) and diffuse (Iext,diffuse) solar radiation, under overcast and clear sky 
conditions: (a) Evolution of the outdoor air temperature (Text) and exterior surface temperature of each glazing system (Tse,REF and Tse,PC); (b) Evolution of the indoor 
air temperature in each model (Tint,REF and Tint,PC) and of the interior surface temperature of each glazing system (Tsi,REF and Tsi,PC).
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Small-Scale Tests 

• The PC glazing tinted under both overcast and clear sky conditions. 
The solar radiation levels transmitted through the PC glazing were 
significantly lower, under both sky conditions, with computed solar 
transmittance values between 25 % and 35 % (overcast sky) and 
15 %-25 % (clear sky). The illuminance levels transmitted through 
the PC glazing were also significantly lower, with computed visible 
transmittance values between 20 % and 40 % (overcast sky) and 
10 %-50 % (clear sky).

• The exterior and interior surface temperatures of the PC glazing 
increased. Nevertheless, a reduction of the indoor temperature, up to 
14 %, was observed with the PC glazing under both sky conditions.

These findings demonstrate that PC glazing offers significant ad
vantages in solar control, temperature regulation, and daylight man
agement, making it a promising option for energy-efficient building 
applications.
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